T he capacity to generate adequate torque with minimal fatigability and discomfort is a challenge for using neuromuscular electrical stimulation (NMES) for rehabilitation. 1, 2 Interleaved NMES (iNMES) may be one way to overcome these challenges for stimulating tibialis anterior (TA), a muscle that dorsiflexes the ankle. Instead of delivering NMES though a single pair of electrodes over either the TA muscle belly (mNMES) or the common peroneal nerve trunk (nNMES), as done traditionally, iNMES involves alternating stimulation pulses between the mNMES (iNMES(m)) and nNMES (iNMES(n)) sites. 3 Given that mNMES and nNMES delivered at low to moderate stimulation intensities recruit different pools of motor units, 4 ,5 iNMES at these intensities recruits different motor units with every other stimulus pulse. It has been hypothesized that the discharge rates of many of the recruited motor units will be reduced by half, although this is yet to be confirmed by single motor unit recordings. Accordingly, iNMES generates contractions with less fatigability than mNMES or nNMES alone. 3 Further, iNMES generates 5 times more torque (11.6 Nm) 5 than is necessary to dorsiflex the ankle during walking (~2 Nm), 6, 7 at stimulation intensities where we estimate there to be only ~5% "overlap" between motor units recruited from the 2 sites. 5 Thus, iNMES generates contractions of adequate amplitude for rehabilitation with minimal fatigability; however, it is not clear whether iNMES also minimizes discomfort compared to mNMES or nNMES alone.
Although many investigators have studied discomfort during NMES of the quadriceps, [8] [9] [10] few have addressed discomfort during NMES of TA. [11] [12] [13] In one such study, however, there was a relationship between electrode size and discomfort during mNMES over TA, 12 with larger electrodes inducing more discomfort than smaller electrodes. It was suggested that this was due to the recruitment of more nociceptor afferents with the larger electrodes. In another study, Gracinin and Trnkiczy 11 reported less discomfort when mNMES was delivered over TA using shorter (300 µs) rather than longer (1 ms) pulse durations. Naaman et al. 13 conducted the only previous study specifically designed to compare discomfort between mNMES and nNMES, and they found that nNMES produced less discomfort than mNMES when both produced similar dorsiflexion movement and attributed the difference to the greater stimulation intensity (ie, current) and larger electrode size used during mNMES. Recently, we compared fatigability between mNMES, nNMES, and iNMES, and asked participants to assess discomfort produced by the 3 NMES types midway through each fatigue protocol. 3 In that study, although the mean amount of current delivered during iNMES was 10-20% less than during mNMES or nNMES, and mean discomfort scores were ~25% lower than during mNMES and nNMES, there were no significant differences between the 3 types of NMES for either current or discomfort scores. This trend toward less current and discomfort during iNMES led us to conduct the present study to more rigorously test discomfort between these 3 types of NMES.
Accordingly, the present study was designed to compare discomfort and related variables between mNMES, nNMES, and iNMES of TA over a range of torque amplitudes. We hypothesized that, for contractions that produce equivalent torque, current density and discomfort would be lower during iNMES than mNMES or nNMES. We also wanted to determine how much torque could be produced by each type of NMES before discomfort became a limiting factor. We hypothesized that, in these trials, torque would be larger during iNMES than mNMES or nNMES and discomfort would not be different between the 3 NMES types. For all trials, current and current density were assessed because they are major contributing factors to discomfort during NMES. 11, [13] [14] [15] Stimulation efficiency [16] [17] [18] was also compared between the 3 NMES types because it describes the relationship between current and torque, with a greater efficiency being associated with more torque being produced per unit of current. The results of these experiments contribute to our understanding of how to maximize torque during NMES while minimizing discomfort, which may lead to a more widespread and effective use of NMES for rehabilitation.
Methods

Participants
Thirteen participants volunteered for these experiments. However, we were unable to collect complete data sets from 2 of these participants (1 female, 23 years old, and 1 male, 26 years) because they could not tolerate the stimulation intensities required to generate torque higher than 20% MVIC during mNMES. Thus, statistical analyses were performed on data from 11 participants [6 females and 5 males; mean (standard deviation -SD) of 29.9 (8.6) years]. Each of the 11 participants took part in 1 experimental session that lasted approximately 2 hours and no participant had any known neuromusculoskeletal impairment. Six participants were naïve to NMES. The experimental protocols were approved by the Human Research Ethics Board at the University of Alberta.
Torque
Isometric dorsiflexion torque of the right ankle was measured using a Biodex dynamometer (System 3, Biodex Medical Systems, Shirley, New York). Participants were seated with the hip and knee positioned at approximately 90° and the ankle at approximately 100°, where 90° was the neutral position of the ankle. The center of rotation of the ankle joint was aligned with the axis of the dynamometer. The Biodex output signal range is from -5 V to +5 V and the axis of force transducer recordings was through the axis of ankle plantarflexion/dorsiflexion. The sensitivity was adjusted according to the maximal torque generated by each participant, optimizing for maximal resolution. Sensitivity ranged from ±32 to 512 fl-lb (156.3 mV per ft-lb to 9.8 mV per ft-lb).
Maximal Voluntary Isometric Contractions (MVICs)
Three to 5 MVICs of the dorsiflexors were recorded at the beginning of each experiment. Each contraction was separated by a 2-minute rest period. Participants performed the MVICs while receiving verbal encouragement to perform maximally.
Neuromuscular Electrical Stimulation (NMES)
Ankle dorsiflexion torque was generated by delivering trains of NMES (12 rectangular pulses, 0.1 ms pulse duration, 40 Hz) over the TA muscle belly (mNMES), the common peroneal nerve trunk (nNMES), or in an alternated or "interleaved" pattern between the two (iNMES). Two constant-current stimulators (Digitimer, Welwyn Garden City, UK) were used to deliver the stimulation: 1 for mNMES (DS7AH), 1 for nNMES (DS7A), and both were used for iNMES. Custom-written Labview software (National Instruments, Austin, Texas) and a pulse generator (Grass Products, Natus Neurology, Warwick, Rhode Island; model S88) were used to alternate the stimulation between the DS7A and the DS7AH stimulators to alternate every other stimulus pulse between the iNMES(m) and iNMES(n) sites during iNMES. 3 At the mNMES site, 2 adhesive gel electrodes (5.08 × 5.08 cm, 25.8 cm 2 ; model 400-899, Richmar, Chattanooga, TN, USA) were placed over the main motor point of TA, 19 with the anode approximately 1 cm distal to the cathode. At the nNMES site, 2 adhesive gel electrodes (3.2 cm round, 5.01 cm 2 ; model 400-864, Richmar, Chattanooga, TN, USA) were placed over the common peroneal nerve. The cathode was placed distal to the fibular head while the anode was positioned ~1 cm anterior to the cathode along the anticipated path of the nerve trunk. The location of the electrodes at the nNMES site was adjusted to produce dorsiflexion with minimal or no eversion.
Stimulation intensities for mNMES and nNMES were set by delivering trains every 5 to 10 s and adjusting the intensity until the target torque was achieved (see below). To set the intensity for iNMES, 6 pulses at 20 Hz were delivered to the iNMES(m) and iNMES(n) sites separately to generate half of the desired torque for iNMES. If these intensities did not result in the net target torque during iNMES, intensities were re-adjusted at each site until the target torque was achieved, with similar torque being produced when the 2 sites were stimulated separately. This pattern of stimulation corresponds to the stimulation necessary for the propulsion phase of FES cycling to produce a cadence of 60 rpm. 20 During walking, TA exhibits 2 rapid bursts of EMG (200-300 ms), at the beginning of the stance phase and during the transition of stance to swing phases; 21, 22 therefore, our stimulation pattern also simulates these bursts of TA during walking. Current was measured using a current probe (mA 2000 Noncontact Milliammeter; Bell Technologies, Orlando, Florida).
Stimulation intensity was manipulated to generate 5, 10, 20, and 30% MVIC with each NMES type. In addition, in separate trials, stimulation intensity was increased to the maximum that the participant could tolerate, to identify the largest torque that could be produced by each type of NMES before limited by discomfort (maximal torque trials; MAXtorque). This approach worked effectively for mNMES; however, during nNMES in 6 of the 11 participants, torque initially increased but then decreased in amplitude with increases in stimulation intensity before discomfort became a limiting factor, due to co-activation of the ankle evertors (ie, peroneus muscles) at the higher stimulation intensities. To account for this issue, one additional "maximal" trial was recorded for nNMES in these 6 participants. Thus, the MAXtorque trials were recorded during all 3 types of NMES for all participants (n = 11) and corresponded to the maximal torque that could be produced (regardless of whether it was limited by discomfort or by activation of the evertors). For the additional "maximal" trial (n = 6, nNMES only), stimulation intensity was increased until participants indicated that they could not tolerate any further increases due to discomfort (maximal intensity trials; MAXintensity) independent of the torque generated. For the MAXtorque trials during iNMES, stimulation at the iNMES(m) and iNMES(n) sites was delivered at the intensities identified during the MAXtorque trials when mNMES and nNMES were delivered alone, respectively. The order of the trials for the different stimulation intensities and types of NMES was randomized for each participant.
Discomfort
A visual analogue scale (VAS) was used to assess discomfort experienced during each type of NMES. 13, 23, 24 The VAS consisted of a 100 mm horizontal line that was labeled at each of the 2 ends. The left end was labeled "no pain" and the right "maximum pain tolerable." Participants were told that there is no wrong answer when using the VAS. 25 They were instructed to make a mark on the line that represented the region of the scale that corresponded to their level of discomfort with respect to the labels at each end of the scale. To assess discomfort using the VAS, procedures were conducted in the following order: 1) the stimulation intensity was set for 1 NMES type and torque amplitude (eg, mNMES was set to generate 10% MVIC); 2) participants were instructed to attend to their discomfort level during 3 trains of NMES that were delivered 5 s apart; 3) participants were asked to rate their discomfort on a VAS. The same process was repeated for each NMES type and each torque amplitude.
We also asked participants to describe whether the stimulation felt like a "sharp/pricking" or "aching/diffuse" sensation during the MAXintensity trials for each NMES type. After the 3 trains of a given type of NMES during the MAXintensity trials, participants were asked to rate these sensations, if present, as mild, moderate, or severe. A perception of sharpness/pricking has been attributed to the activation of nociceptive afferents in the skin, and an aching/diffuse sensation is thought to originate from muscle, tendons, and fascia. 26 Participants were also given the opportunity to report other sensations perceived during the MAXintensity trials, such as cramping, aching, sharpness, pricking, diffuse, burning, or any other sensations they may have felt.
Data Acquisition and Analyses
Data were acquired at 25 kHz using custom-written Labview software. The high sampling rate was required to adequately capture the 0.1 ms current pulse. All data were stored on a computer for analyses that was performed post-hoc using custom-written Matlab software (The Mathworks, Natick, Massachusetts).
Torque. To quantify the torque generated during each MVIC, a 500 ms window was centered on the region of peak torque and the average torque was calculated. For each participant, the largest MVIC was used to normalize torque generated during the NMES protocols. Torque generated during the NMES protocols was calculated using a similar procedure; however, torque was measured over a 50 ms window. Torque was filtered using a low-pass filter with cut-off frequency of 80 Hz prior to data analysis.
Current and current density. Current was measured from baseline to peak of the pulse recorded by the current probe. Current density was calculated as the current divided by the area of 1 electrode used in a given protocol (mA/cm 2 ); this was done to account for the differences in electrode size between the mNMES and nNMES sites. 17, 18 Current and current density were calculated for the iNMES(m) and iNMES(n) sites separately when iNMES was delivered.
Stimulation
efficiency. Stimulation efficiency was calculated by dividing torque (% MVIC) by current (mA) and also torque by current density (mA/ cm 2 ). [16] [17] [18] Visual analogue scale (VAS). The VAS analysis consisted of measuring, with a ruler, the distance in millimeters between start of the line on the left side and the mark made by the participant.
Statistical Analyses
For 1 of the 11 participants included in the statistical analysis, torque and current were not recorded for the nNMES MAXtorque trial. For a second participant, also included in the statistical analysis, the VAS score was not recorded when mNMES was delivered to generate 5% MVIC. The missing data for these 2 participants was imputed using the k-Nearest Neighbors algorithm for multiple imputation. 27 All statistical analyses were performed on group data using Statistica 12.0 software (StatSoft, Tulsa, Oklahoma). The data for torque, current, current density, and stimulation efficiency followed a normal distribution, as determined using Shapiro-Wilk's tests. The MVICs recorded pre-and post-NMES protocols were compared using the dependent Student t test. Two main statistical analyses were performed, 1 for full group data (n = 11) where current, current density, stimulation efficiency, and discomfort were compared between NMES types at each target torque (5-30% MVIC and MAXtorque). The second analysis compared data between the MAXtorque and MAXintensity trials for the 6 participants in whom torque during the nNMES MAXtorque trials was limited by activation of the evertors.
Torque and stimulation efficiency were compared between NMES types (mNMES, nNMES, and iNMES) at each target torque (5, 10, 20, 30% MVIC and MAXtorque) using a 3 × 5 repeated measures analysis of variance (rmANOVA) test. Current and current density were compared using the same procedures used for torque and stimulation efficiency data; however, current and current density results during iNMES were compared for both iNMES(m) and iN-MES(n) (4 × 5 rmANOVA).
The VAS scores did not follow a normal distribution. Therefore, the VAS data were transformed using a logarithm with base 10. 28 This transformation resulted in a normal distribution, thus a 3 × 5 rmANOVA was used to compare the transformed VAS results between NMES types (mNMES, nNMES, and iNMES) and at each torque amplitude (5, 10, 20, 30% MVIC and MAXtorque). Tukey post-hoc tests were used, when appropriate, to identify specific differences when the rmANOVAs identified significant interactions.
Dependent t tests for paired samples were used to compare the results of torque, current, current density, stimulation efficiency, and transformed VAS scores between the nNMES MAXtorque and MAXintensity trials. Pearson product-moment correlation coefficient tests were used to correlate the transformed VAS scores with torque, current, and current density. The classification of the level of correlation, ie, 0.1 small, 0.3 moderate, 0.5 strong, was made according to the Cohen classification. 29 For all tests, the level of significance was set at .05. All data are reported as mean (SD).
Results
Torque
There was no significant difference in the torque produced during the MVICs recorded before and after the NMES protocols [t(10) = 1.46; P = .17]. For torque, there was an interaction between NMES type and "target" torque [F(8,80) = 32.47; P < .001; ηp 2 = .76]. As shown in Figure  1 , there were no significant differences in the torque produced at any given submaximal torque amplitude between the 3 NMES types (5 [P > .25], 10 [P = 1.00], 20 [P > .99], and 30% MVIC [P > .99]). During the MAXtorque trials, torque generated by nNMES was 1.7 times larger than iNMES and 1.9 times larger than mNMES, while iNMES generated 1.4 times more torque than mNMES [P < .001]. The average torque over all of the trials during mNMES ranged from 1.4 (0.7; at 5% MVIC) to 11.4 Nm (6.6; at MAXtorque), 1.4 (0.7) to 21.7 (11.1) Nm during nNMES, and 1.7 (0.8) to 15.2 (9.1) Nm during iNMES. For the 6 participants in whom torque during the MAXtorque trials was limited by activation of the evertors, not discomfort (see Methods), increasing the current for the additional MAXintensity trials significantly decreased [t(5) = 5.19; P = .003] the mean torque by 2.1 times, from 70.8 (9.5) to 34.2 (22.5)% MVIC.
Discomfort
The log transformed VAS scores were used to evaluate discomfort. There was an interaction between NMES type and torque [F(8,80) = 4.78; P < .001; ηp 2 = .32] (Figure 2 ). There were no differences in discomfort between NMES types when they produced 5 [P > During the MAXintensity trials, a "sharp/ pricking" sensation was classified as moderate to severe by 10, 2, and 9 participants during mNMES, nNMES, and iNMES, respectively. In contrast, 0, 2, and 1 participants described an "aching/diffuse" sensation as moderate to severe during mNMES, nNMES, and iNMES, respectively.
Current
There was an interaction between NMES type and target torque [F(12,120) = 11.52; P < .001; ηp 2 = .53] when current was analyzed (Figure 3 ). There were no differences in current between NMES types when torque was 5% [ 
Current Density
Current density was calculated to account for the different electrode sizes used during mNMES and nNMES. Statistical analysis of current density identified an interaction between NMES type and torque [F(12,120) = 2.03; P = .03; ηp 2 = .16] (Figure 4) . Post-hoc analysis indicated that there were no significant differences in current density between the 3 types when delivered to generate 5, 20, or 30% MVIC [P > .21]. To generate 10% MVIC, current density was significantly larger during nNMES compared to mNMES [P = .006] and iNMES(n) compared to iNMES(m) [P = .005]. At MAXtorque, current density during nNMES was significantly larger than mNMES [P < .001] and during iNMES(n) compared to iNMES(m) [P = .003]. There were no significant differences in current density between mNMES and iNMES(m) [P > .05], and nNMES and iN-MES(n) [P > .05] at any torque amplitude. Mean torque produced by each type of NMES across the group of 11 participants at submaximal stimulation intensities and at the stimulation intensity that resulted in maximal torque (MAXtorque). *P < .05.
Figure 2.
Discomfort scores as assessed using the VAS when mNMES, nNMES, and iNMES were delivered over a range of torque amplitudes. The MAXtorque corresponds to the stimulation intensity that produced the maximal torque independent of whether it was limited by discomfort or activation of the evertors (n = 11). *P < .05. 
Stimulation Efficiency
For stimulation efficiency, there was an interaction between NMES type and torque [F(4,40) = 16.98; P < .001; ηp 2 = .62] (Figure 5 ). There were no differences in stimulation efficiency between mNMES and nNMES when they were delivered to generate 5 [P = .72] or 10% MVIC [P = .48]. However, nNMES efficiency was higher than mNMES when they were delivered to generate 20% MVIC [P < .001], When efficiency was calculated based on current density instead of current, there was an interaction between torque and NMES type [F(4,40) = 8.248; P < .001; ηp 2 = .45] (Figure 6 ). The only significant difference identified was for when stimulation intensity was set to generate 10% MVIC, where mNMES was more efficient than nNMES [P = .002]. Stimulation efficiency based on current density during the nNMES MAXintensity 
Correlations
Correlations were performed between log transformed VAS scores (ie, discomfort) and torque, current, and current density. Strong correlations were identified between discomfort and torque produced during mNMES [P < .001; r = .71], nNMES [P < .001; r = .45], and iNMES [P < .001; r = .55]. The correlations between discomfort and current during mNMES [P < .001; r = .5] and nNMES [P < .001; r = .48] were moderate to strong. The correlations between discomfort and current density during mNMES [P < .001; r = .49] and nNMES [P < .001; r = .48] were also moderate to strong.
Discussion
This study was designed to compare discomfort and related variables between mNMES, nNMES, and iNMES. Contrary to our hypothesis, there were no significant differences in discomfort produced by the 3 types of NMES when delivered to produce 5 to 20% MVIC. This is consistent with the results of our recent study of fatigability in which discomfort scores were not different between these 3 types of NMES midway through fatigue protocols when initial contractions were 10-15% MVIC. 3 In the present study, when contractions were 10% MVIC, current density was largest during nNMES, and when contractions were 20% MVIC, current was largest during mNMES; however, these differences were not sufficient to alter discomfort between NMES types.
When stimulation intensities were increased to generate 30% MVIC, mNMES produced more discomfort than nNMES and iNMES. Naaman et al. 13 also found mNMES over TA was more uncomfortable than nNMES over the common peroneal nerve, although torque was not reported in that study. In our study, the current necessary to generate 30% MVIC using mNMES was 3 times larger than during nNMES, which was likely due to the fact that the Current delivered during mNMES, nNMES, and iNMES over a range of torque amplitudes. The current during iNMES was calculated separately for the iNMES(m) and iNMES(n) sites. *P < .05.
Figure 4.
Current density calculated when mNMES, nNMES, and iNMES were delivered over a range of torque amplitudes. *P < .05.
electrodes for mNMES were larger than for nNMES. There were no differences in the current density required to produce 30% MVIC between the 3 types of NMES. Although the current densities during mNMES and iNMES(m) were not different, iNMES generated less discomfort than mNMES. This can be attributed to the lower frequency delivered to the iNMES(m) site than when mNMES was delivered alone, thus reducing the total amount of nociceptive input produced over time. Discomfort during NMES can also result from activating nociceptor afferents from musculotendinous structures 30, 31 and/or ischemia, metabolite accumulation, and musculotendinous stress. 30, 31 However, in our study 10 of 11 participants described the "sharp/ pricking" sensation as moderate to severe during mNMES while no participant described the "aching/diffuse" sensation as moderate to severe, supporting the idea that the greater discomfort during mNMES was due to the activation of more nociceptor afferents in the skin. 26 Based on data reported by Lou et al., 3 we hypothesized that when the stimulation was set to generate the maximal torque possible with each NMES type (MAXtorque trials), all 3 types of NMES would result in similar discomfort, but that iNMES would produce the most torque. However, we found that nNMES produced contractions of 65% MVIC on average, 1.7 times larger than the maximal torque (ie, MAXtorque) produced by iNMES (49% MVIC) and 1.9 times larger than the MAXtorque produced by mNMES (33% MVIC). Further, despite this greater torque, discomfort during nNMES was less than during mNMES and was not different than during iNMES. Thus, during the MAXtorque trials discomfort was not equal between NMES types and nNMES generated the most torque, not iNMES. The relatively low discomfort scores during the nNMES MAXtorque trials reflects the fact that for 6 out of 11 participants, nNMES was delivered at a current that was 1.9 times less than the current that produced the maximal discomfort. This contributed to lower discomfort for nNMES and to a lesser extent for iNMES. The 2.1 times reduction in torque during the nNMES MAXintensity trials compared to the MAXtorque trials occurred because at high stimulation intensities, the dorsiflexors and evertors were concomitantly activated, resulting in a decrease in dorsiflexion torque. In most individuals, maximal torque during nNMES can be generated before discomfort becomes a limiting factor, explaining the lower discomfort and larger torque during the nNMES MAXtorque trial than the MAXintensity trial.
The maximal torque produced by either type of NMES was relatively low compared to the torque produced during the MVIC, being on average ~50% MVIC. This limitation in the maximal torque produced by NMES could be a consequence of: 1) the mNMES and iNMES(m) electrodes positioned over the muscle belly of the TA requiring large currents to recruit motor axons located in deep portions of the muscle belly, resulting Stimulation efficiency calculated by dividing torque and current used during mNMES and nNMES over a range of torque amplitudes. *P < .05.
Figure 6.
Stimulation efficiency calculated by dividing torque and current density. *P < .05.
in high discomfort; and 2) the nNMES and iNMES(n) electrodes positioned over the common peroneal nerve recruiting not only TA motor axons, which produce mainly dorsiflexion, but also motor axons that innervate the peroneus longus muscle, producing counteracting plantarflexion and eversion. Moreover, NMES may not activate all muscles that contribute to dorsiflexion during an MVIC (eg, extensor hallucis longus, extensor digitorum longus, and peroneus tertius aside from the TA), thereby reducing the relative torque production during NMES.
In the maximal intensity trials, increases in stimulation intensity were limited by participant discomfort. In these trials, VAS scores did not approach a "maximum pain tolerable" score of 100 but rather reached a maximum of 48. These sub-maximal VAS scores are consistent with previous reports of maximum pain tolerated during NMES over the quadriceps femoris (VAS scores 45-62 mm) 32, 33 and likely reflect that each participant's reference for "maximum pain tolerable" is considerably higher than what they were willing to experience in the laboratory setting.
Clinical Implications
Each of the 3 types of NMES investigated in the present study has potential advantages and disadvantages for rehabilitation. The main advantage of mNMES is the simple application of electrodes since the TA muscle belly is easily identifiable. However, mNMES produced more discomfort than nNMES when stimulation intensity was set to generate torque larger than 20% MVIC. In fact, 2 participants were excluded from the statistical analyses because they could not tolerate mNMES intensities necessary to generate torque larger than 20% MVIC. The removal of these 2 participants may have caused us to underestimate the differences in discomfort between mNMES and the other 2 types of NMES. The main advantages of nNMES are that it requires less current to generate similar torque (ie, better efficiency) than mNMES and iNMES, which could reduce the demand for battery power of personal stimulators. However, it is more difficult to isolate the common peroneal nerve than the TA muscle belly, making electrode placement more challenging and ability to produce "pure" dorsiflexion unlikely, at least at high stimulation intensities. Contractions generated by both mNMES and nNMES are prone to rapid fatigability, which limits the benefits of these types of NMES. 34 In contrast, iNMES reduces fatigability by reducing discharge rates of many motor units by half compared to mNMES or nNMES. 3 Although iNMES generates contractions of sufficient amplitude for rehabilitation with minimal fatigability compared to mNMES and nNMES, it suffers from limitations inherent to both mNMES and nNMES. The present results provide information that may be valuable when choosing how to stimulate TA for different NMES applications. However, the generalizability of these findings to other muscle groups, non-isometric contractions, and clinical populations requires investigation.
Conclusions
Herein we showed that the torque produced by mNMES, nNMES, and iNMES is more than adequate for generating functional movements such as dorsiflexing the ankle during walking. Further, there were no differences in discomfort and minimal differences in current density between the 3 NMES types for contractions in this "functional" range (ie, equal to and lower than 20% MVIC). Differences in discomfort between the 3 types of NMES emerged at stimulation intensities that generated 30% MVIC where mNMES produced the most discomfort, while at contractions >30% MVIC, mNMES only produced more discomfort than nNMES. In separate trials, we found that nNMES generated the most torque. The maximal torque produced by iNMES was larger than mNMES but smaller than nNMES; the maximal torque produced by iNMES was likely limited by the discomfort produced at the mNMES site. The differences in discomfort between NMES types were attributed in part to the differences in the number of skin nociceptive afferents recruited at the mNMES and nNMES sites. The advantages and disadvantages of each NMES type should be considered prior to implementation in rehabilitation programs.
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